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The Axios Valley, located in central-northern Greece, is surrounded by complex topography that plays a signifi-
cant role in the modification of wind flow, both in terms of speed and direction. The characteristic wind regime of
this valley is Vardaris, a northwesterly wind that prevails in this region, especially during the cold period of the
year. Vardaris is well known for its consistent direction and high intensity, as well as for the effective advection of
cold and dry air, often resulting to significant damages in local infrastructures and agriculture. A field campaign
under the name AXIOS took place during the period from November 2007 through May 2008 in order to examine

ﬁﬂocrﬁ;;meﬁng this particular wind flow. The analysis of the in situ observational data, which was funded by the research pro-
Gap flow gram THESPIA-KRIPIS, showed that topography plays a key role in intensifying Vardaris, generating gusts that ap-
Complex topography proximated 30 m s~ ' during the experimental period. The air temperature and humidity fields were also found
Vardaris to be significantly influenced. In addition to the observational study, an intense Vardaris episode was simulated

WRF with the Weather Research and Forecasting (WRF) model at high horizontal resolution. Results revealed that the

Greece model was able to reproduce the favorable environmental conditions that lead to Vardaris occurrence, providing
a useful insight on the physical mechanisms explaining its structure.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction momentum transport, forced channeling, and pressure-induced

Topography is documented as a well-known parameter generating
thermally and dynamically driven wind flows (Whiteman and Doran,
1993; Steenburgh et al., 1998; Mayr et al., 2007; Koletsis et al., 2010;
Shimada et al., 2012; Lennard, 2014). Gap flows and wind channeling,
in particular, are two widely recognized manifestations of wind flow
modification due to topography. Wind channeling refers to the phe-
nomenon of wind inside a valley blowing along the valley's axis
(Weber and Kaufmann, 1998; Kossmann and Sturman, 2003; Carrera
et al., 2009; Deacu et al., 2010). This phenomenon has been reported
in several regions around the world, including the St. Lawrence River
Valley in Canada (Carrera et al., 2009), the Tennessee Valley in the
United States (Eckman, 1998), the mountainous area near Basel in
Switzerland (Weber and Kaufmann, 1998), the Kongsfjorden-
Kongsvegen Valley in Norway (Esau and Repina, 2012), the upper Rio
Negro Valley in Argentina (Cogliati and Mazzeo, 2006), and the upper
Rhine Valley in Germany (Gross and Wippermann, 1987). The physical
mechanisms that are responsible for the generation of channeled winds
are presented in the early work of Whiteman and Doran (1993), also
discussed in the more recent study of Carrera et al. (2009). Briefly,
these mechanisms are the thermally driven channeling, downward

* Corresponding author. Tel.: +-302108109134.
E-mail address: koletsis@noa.gr (1. Koletsis).

http://dx.doi.org/10.1016/j.atmosres.2015.12.011
0169-8095/© 2015 Elsevier B.V. All rights reserved.

channeling.

The definition of gap flow or gap wind dates back to the beginning of
the 1930s (Reed, 1931). Simply put, this term is used to describe the
flow of wind between indentations in orography, resulting either from
purely horizontal topographical constrictions (level gaps) or from
both horizontal and vertical constrictions, such as mountain passes
(Mayr et al., 2007). Gap winds develop primarily due to the pressure
gradient existing in the along-gap direction (Colle and Mass, 1998;
Steenburgh et al.,, 1998; Mayr et al., 2007). The presence of these
winds has been reported in several areas around the globe, including
the Strait of Juan de Fuca (Colle and Mass, 2000) and the Columbia Gorge
(Sharp and Mass, 2004) in the United States, the Cook Strait in New
Zealand (Reid, 1996), the Gulf of Tehuantepec in Mexico (Steenburgh
et al.,, 1998) and the Shelikof Strait in Alaska (Lackmann and Overland,
1989). In the majority of these studies, maximum wind speeds were report-
ed well downstream of the narrowest constriction, at the end of the gap
exit, contrary to the Venturi effect, which is often used as an explanation
for the occurrence of strong gap winds (Reed, 1931). A comprehensive re-
view of the knowledge acquainted for gap flows through the Mesoscale Al-
pine Programme is available in Mayr et al. (2007).

The Axios Valley is a major topographical feature of central-northern
Greece (Fig. 1a). It owes its name to the Axios River that flows from
FYROM through Greece and into the Thermaikos Gulf (Fig. 1b). The fair-
ly high mountains and hills that surround the valley play a significant
role in the modification of wind flow. Indeed, the Axios Valley has
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Fig. 1. (a) Topographic view of Greece and neighboring countries with identification of the greater study area (red box) and Axios Valley (red triangle). (b) Topographic view of the greater
study area with identification of major topographic elements. Black circles and red triangles denote the location of major cities and measurement sites, respectively. The legend for ele-
vation is common to both maps.
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been well known to meteorologists in Greece due to a northwesterly
wind, called Vardaris (“Vardar” is the Serbian name for Axios River) pre-
vailing in the region under certain synoptic-scale setups. This particular
wind blows along the central ridge of Mt. Paiko and Mt. Kerkini (Fig. 1b)
and is more prominent during the cold period of the year. Vardaris is
primarily characterized by its consistent direction and high intensity,
and the effective advection of cold and dry air. Intense episodes of this
local wind often result to significant destructions in infrastructures
and agriculture. Further, the wind flow that characterizes Vardaris is
considered to be one key factor for the occurrence of snowfall in the
major coastal city of Thessaloniki (Fig. 1b) (Giannoulakis, 2014).

Despite its peculiar and often devastating characteristics, the
availability of studies focusing on Vardaris is extremely restricted
(Angouridakis et al., 1981; Maheras et al., 1984; Psarri, 2005;
Tsopouridis et al., 2013). Considering this research gap, the National
Observatory of Athens (NOA) designed a field campaign, namely
AXIOS, which was carried out with the support of the Department of
Meteorology and Climatology (DMC) of the Aristotle University of
Thessaloniki (AUTH), with the aim to examine the particular wind
regime of Vardaris. Recently, Tsopouridis et al. (2013) utilized a small
portion of the AXIOS dataset to provide a preliminary study of Vardaris
following a purely numerical modeling approach.

Considering the above-described context, the purpose of this work is
twofold. First, it exploits the full dataset of the AXIOS campaign in order
to provide a comprehensive observational study of Vardaris during the
7-month experimental period; second, this study employs a state-of-
the-art numerical weather prediction (NWP) model, namely the
Weather Research and Forecasting (WRF), to examine the characteris-
tics of an intense Vardaris episode and the physical mechanisms respon-
sible for its development. Employment of mesoscale models, such as
WRE, has already provided a significant enhancement to both the un-
derstanding and predictability of mountain waves and downslope
wind events (e.g. Czyzyk and Bell, 2007). In particular, the WRF model
has been used in several past studies for examining wind regimes over
complex terrain (Papanastasiou et al., 2010; Miglietta et al., 2013;
Puliafito et al., 2015) and windstorms driven by synoptic patterns
(Simon et al., 2011), as well as for evaluating the influence of land-
state representation on the reliability of wind simulations (Santos-
Alamillos et al., 2015) or even for producing historical wind databases
(Manor and Berkovic, 2015). In essence, the present work should be
considered to be an important contribution to the understanding of
the significant local wind regime of Vardaris.

2. Data and methodology

Two different sources of data were employed for conducting the
present study. Observational data, provided by ground-based weather
stations, were used for examining the wind regime of the Axios Valley
during a 7-month period. Numerical modeling data were then used
for the analysis of an intense episode of the Vardaris wind.

2.1. Observational data

The observational data used in this study were derived from four au-
tomatic meteorological stations deployed along the Axios Valley during

Table 1
List of stations and summary of characteristics of the measurement sites used in the
context of AXIOS campaign.

Station Code Latitude (°N) Longitude (°E) Elevation (m asl?)
Eyzonoi EYZ 41.1068 22.5464 58
Axioupoli AXI 40.9808 22.5516 33
Akropotamos AKR 40.8402 22.6576 44
Kymina KYM 40.6199 22.6999 2

@ asl: above sea level.

the period from November 2007 to May 2008. The locations of the sta-
tions are shown in Fig. 1b, while Table 1 summarizes key information
about the measurement sites. Two stations were installed at the two
edges of the valley into the Greek territory, namely Eyzonoi and Kymina.
The other two stations, namely Axioupoli and Akropotamos, were
deployed within the valley and nearby the banks of Axios River. Each
station was equipped with a three-cup anemometer and vane, a rain
gauge, a temperature and humidity sensor, protected by a fan-
aspirated radiation shield, and a barometer. Wind and temperature/
humidity were measured at 10 m and 2 m above ground level, re-
spectively. The stations' data sampling was 2.5 s, while for the statistical
analysis, data averaged over 5 min were used. It is worth noticing that
all stations were situated in rural locations in order to avoid any
urban-induced effects on measurements.

2.2. Numerical modeling data

The NWP model used in this study is WREF, version 3.6.1 (Skamarock et al,,
2008), a next-generation mesocale numerical weather prediction system de-
signed to serve both operational forecasting and atmospheric research needs
(Borge et al., 2008; Challa et al., 2009). Three 1-way nested modeling domains
with horizontal grid resolution of 20 km (mesh size of 215 x 205), 5 km
(mesh size of 133 x 121), and 1 km (mesh size of 236 x 256) were defined
for carrying out the numerical simulation, of which the innermost high-
resolution domain focused on the study area (Fig. 1a). In the vertical, 50 un-
evenly spaced sigma levels were specified with the model top defined at
100 hPa, to allow for a detailed representation of the vertical structure of
the atmosphere under the influence of Vardaris. Approximately 20 levels
were placed in the lowest 1 km of the model.

Radiation (shortwave and longwave) was parameterized with the
updated Rapid Radiative Transfer Model (RRTMG) scheme (lacono
et al., 2008) and the Thompson parameterization (Thompson et al.,
2008) was used for microphysics processes. The Mellor-Yamada-Janjic
scheme (Janjic, 1994) was employed for the parameterization of the
planetary boundary layer, while land-surface processes were parame-
terized with the unified Noah land surface model (Tewari et al., 2004).
The Kain-Fritsch convection parameterization scheme (Kain, 2004)
was used for the outermost modeling domain, while for the two inner
domains, convection was resolved explicitly.

SRTM (Shuttle Radar Topography Mission) data, resampled to 250 m
grid spacing (Jarvis et al., 2008), were used for the representation of to-
pography in the highest-resolution modeling domain. For the other
two domains, the standard USGS (United States Geological Survey) to-
pography dataset was employed (at 2-arc-min resolution for the outer-
most domain and at 30-arc-sec resolution for the second-level
domain). Default 20-category MODIS-based (Moderate Resolution
Spectroradiometer) data at 30-arc-sec resolution were used for the pa-
rameterization of land use in all modeling domains.

WRF was implemented for simulating an intense Vardaris episode
that occurred on 10 November 2007. The numerical simulation was ini-
tialized on 9 November 2007 at 1800UTC and extended to 30 h, allowing
for a 6 h model spin-up period. Although this model spin-up period is
considered to be rather short, it was found that it allowed for better re-
solving the synoptic setup and consequently the initialization and evo-
lution of the examined episode, compared to larger spin-up periods. For
the initialization of the model, the 0.25° x 0.25° spatial resolution and
6 h temporal resolution operational atmospheric analysis surface and
upper-air data of ECMWEF (European Centre for Medium-Range Weath-
er Forecasts) were used. WRF outputs were archived at 5 min intervals.

3. Data analysis for the AXIOS experimental campaign

This section presents the wind regime, as well as the relationship
between the wind, and the temperature and humidity fields along
the Axios Valley during the 203 days of the experimental period (i.e.
November 2007 to May 2008).
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3.1. Wind data analysis

The distribution of the wind direction during the experimental peri-
od for the ground stations is presented in Fig. 2a. The northwestern sec-
tor winds (from west-northwestern to north directions) prevail at all
ground stations; with the north-northwestern direction at AXI station
presenting the largest frequency percentage, ~32%, followed by AKR
station (~23%). At EYZ, which is the northernmost station, the northern
winds dominate, while the northwesterly winds also prevail at the
southernmost ground station of KYM, with frequencies of occurrence
of 21% and 18%, respectively. Further, it is evident that the north and
north-northwestern winds are also those with the strongest intensities
(Fig. 2b).

The observed winds were classified in six categories: the calm class
with zero mean wind speed, the light wind class (1-3 m s~ '), the
near moderate class (4-7 m s~ !), the moderate class (8-10 m s~ 1),
the strong class (11-13 m s~ !), and the near gale class with mean
wind speeds greater than 14 m s~ . For all measurement sites, the max-
imum frequency of occurrence is observed at the light class category,
followed by the calm category for the northern stations of EYZ and
AXI and the near moderate for AKR and KYM stations (Fig. 2¢). The
maximum frequency of occurrence of the strong as well as of the near
gale winds is observed at EYZ station. The distribution of wind direction
for the near gale wind class (214 m s~ !) reveals that the north-
northwesterly winds are the most frequent (55%-85%) for all consid-
ered locations (EYZ, AKR, KYM), except from AXI where northwesterly
winds prevail with a percentage of ~70% (Fig. 2d). Moreover, the inves-
tigation of the diurnal variability of the near gale class revealed that the
higher wind speeds are observed during the morning and early noon
hours presenting the maximum percentage of occurrence between
0900 UTC to 1400 UTC (not shown).

The strongest winds observed under the northwestern sector regime
are related to fluctuations in the wind speed at periods as short as a few
seconds. These fluctuations, known as wind gusts, can cause damages in
constructions and problems in road traffic, as their strength may exceed
twice the mean wind speed (Durran, 1990). During the study period,
the maximum wind gusts were recorded at EYZ and KYM, approaching
29ms~ ! and 28 m s~ ', respectively. The strength of the wind gusts is
described by the gust factor, which is calculated from the ratio of peak
gust to the sustained speed (Agustsson and Olafsson, 2004). The
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sustained wind speed is the mean wind speed over a 5-min averaging
period, while the peak gust is the highest value recorded during this
time interval. In this study, gust factors were calculated for mean wind
speeds greater than 5ms™ .

The higher values of mean gust factor were computed at AXI (1.52)
and EYZ (1.39) stations. On the other hand, the lowest values were cal-
culated at KYM (1.37) and AKR (1.33) sites. Fig. 3 presents the box-and-
whisker diagram of the gust factor at the AXI station, in which the
highest gust factor was calculated. The graph shows a slightly decreas-
ing wind gust factor with increasing mean wind speed. A possible expla-
nation for the high values of gust factor at AXI and EYZ is the
surrounding complex topography, and primarily the adjacent high
mountains located west-northwest of these stations (Fig.1b). This find-
ing is in agreement with Agustsson and Olafsson (2004 ), who showed
that the gust factor is strongly related to the distance and the dimen-
sions of the adjacent mountains, producing strong gusts downstream.

3.2. Temperature and humidity data analysis

The majority of the studies devoted to the interaction of the wind
flow with topography underline that the terrain-induced wind flow
could also be responsible for the modification of the temperature and
humidity fields (e.g. Sharp and Mass, 2004; Koletsis et al., 2009b). In
order to investigate the relationship between the northwesterly wind
flow and the temperature and humidity, data for each station were an-
alyzed for all wind directions but also for northwestern sector only
(northwest, north-northwest, and north wind direction). In order to ex-
clude from the analysis the low temperatures due to surface tempera-
ture inversions, the mean temperature and humidity values were
calculated only when the mean wind speed exceeded 5 m s~ '. The
entire analysis was carried out separately for the winter (January,
February, and December) and the transitional (March, April, May, and
November) months of the experimental period (Fig. 4).

Results reveal that the temperature and humidity fields are strongly
influenced by the wind direction. Winter mean temperatures are lower
by about 1-5 °C when the wind blew from the northwestern sector,
with the largest difference observed at EYZ, and the lowest at KYM
(Fig. 4a). The mean temperature during the transition months presents
a quite similar behavior; however, the mean temperature difference be-
tween categories was obviously smaller (Fig. 4b). The humidity field
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Fig. 2. Bar diagrams for all measurement sites, for (a) frequency of occurrence (%) as a function of wind direction, (b) wind speed distribution per wind direction, (c) frequency of
occurrence (%) as a function of the wind speed class, and (d) frequency of occurrence (%) as a function of wind direction for the near gale wind class.
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shows also a clear dependence on wind direction for both periods. The
vapor pressure values of the northwestern wind sector are lower by
about 2 Pa during the winter months (Fig. 4c), while the vapor pressure
difference during the transitional months is reduced to approximately
1 Pa (Fig. 4d). This decrease in vapor pressure for both time periods im-
plies that the northwest winds over these regions are also drier.

3.3. Pressure gradient and wind speed correlation

The pressure gradient along a gap is commonly used for investigat-
ing the strength of the gap flow. The pressure difference between the
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gap entrance and exit implies a good indicator of the gap wind strength
as the gap flow is associated with large and complex local scale pressure
perturbations that are closely related to topography (Overland and
Walter, 1981; Colle and Mass, 2000; Sharp and Mass, 2004; Koletsis
et al., 2010). In order to examine a possible relationship between the
wind speed at stations downstream of EYZ and the pressure gradient
along the valley, wind data for all stations that were characterized by
northwestern sector (northwest, north-northwest, and north) winds
exceeding 5 m s~ were used. Table 2 presents the correlation of the
pressure gradient with wind speed for all combinations of stations.
The calculated correlation coefficients are mostly positive but relatively
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experimental period. The minimum wind speed threshold of 5 m s~! was selected for deriving the mean values. Vapor pressure values were derived from the air temperature and
relative humidity temperatures, employing the Goff-Gratsch equation (World Meteorological Organization, 2000).
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Table 2
Correlation coefficients between pressure gradients and wind speeds exceeding 5 m s—
under the northwestern wind sector regime.

1

Pressure difference AXI AKR KYM
EYZ-AXI 0.35 0.30 0.19
EYZ-AKR 0.19 0.22 0.19
EYZ-KYM 0.21 0.20 0.36
AXI-AKR —0.22 —0.09 0.02
AXI-KYM —0.11 —0.06 0.33
AKR-KYM 0.09 0.02 0.39

low. The highest correlation coefficients are calculated for the winds
observed at the southernmost station of KYM relatively to its pressure
difference with its closest station AKR in the southern areas of the valley
(r =0.39) but also with the northern stations at AXI (r = 0.33) and EYZ
(r = 0.36). A possible explanation for the low values of correlation
coefficient is the fact that the selected stations are located inside the
valley and not at the edges; a station located northern of EYZ nearby
the gap entrance would give greater values of the correlation coefficient.

ECMWE: 10/11/2007 1200UTC

@I‘\\’O;
\“‘-.
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4. Numerical simulation of an intense Vardaris episode

Two intense Vardaris episodes took place during the AXIOS campaign,
on 10 and 27 November of 2007. Both events were characterized by
sustained mean wind speeds exceeding 20 m s~ ! and gusts
approximating 30 m s~ . For the purposes of this study, the event of 10
November 2007 was selected due to the extensive damages induced on
infrastructures along the Axios Valley.

4.1. Synoptic-scale setup

The spatiotemporal evolution of the mean sea-level pressure field
over Europe on 10 November 2007, as derived from the ECMWF
analysis and the 20 km WRF simulation, is summarized in Fig. 5. It
is noticeable that the WREF-resolved synoptic-scale atmospheric
circulation matches closely the observed setup, although small differ-
ences do exist. Indeed, ECMWF and WREF surface analysis data agree in
that the examined Vardaris episode developed as a result of the interac-
tion between a low-pressure system crossing southern Balkans and an
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Fig. 5. Mean sea-level pressure (at 5 hPa intervals) derived from 0.25° x 0.25° spatial resolution ECMWF operational atmospheric surface analysis (left column) and 20 km WRF simulation
(right column), valid at 10 November 2007 (a, b) 0600 UTC, (c, d) 1200UTC, and (e, f) 1800 UTC.
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anticyclone influencing west and central Europe. The resulting pressure
gradient led to the establishment of the characteristic northwesterly
flow of Vardaris in the study area, coinciding with the passage of the
depression's trailing cold front (not shown). However, it is clear that
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in the WRF simulation, the trespassing depression deepens and moves
slightly faster than in the ECMWEF analysis. In essence, this is expected
to have an impact on the numerically resolved evolution of the episode,
as it will be later discussed (Section 4.2).
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Fig. 6. Times series of observed and modeled wind speed (left column) and direction (right column) on 10 November 2007, for (a, b) Eyzonoi, (c, d) Axioupoli, (e, f) Akropotamos, and

(g, h) Kymina. Verification measures are presented within the plots.
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4.2. Model verification

For the verification of model performance, three statistical measures
were computed: (a) the bias, (b) the root mean squared error (RMSE),
and (c) the standard deviation of error (STDE). In addition, time series
of observed and modeled wind speed and direction were constructed
(Fig. 6). Observations and model data were paired adopting the nearest
neighbor approach. In this frame, the model grid point nearest to the lo-
cation of each measurement site was selected for extracting data used in
the verification procedure.

It should be noted that for the circular variable of wind direction, the
approach described in Carvalho et al. (2012) was used for calculating
performance metrics. Among the above verification measures, STDE is
thought to be of greater interest than RMSE and bias, due to the fact
that it represents the dispersion of the model's error. In essence, a low
STDE value indicates that the error is approximately constant and that
model physics is correct, even if RMSE and bias exhibit large values.
Conversely, a high STDE value indicates that the error is random and
the model simulation lacks physical foundation, even if RMSE and bias
show low values (Carvalho et al., 2012).

Overall, the WRF model showed good skill in terms of reproducing
the evolution of the examined Vardaris event (Fig. 6). According to
both observations and the numerical simulation, the episode initiated
at around 0400-0600 UTC, as highlighted by the speed-up of wind
and the turning toward a northwesterly (i.e. 315°) direction at all mea-
surement sites. Wind speed was overestimated at the beginning of the
event and underestimated toward the end, resulting to an underestima-
tion of the duration of the event by approximately 2 h. Indeed, observa-
tions indicate the end of the event at around 1800-2000 UTC, whereas
model results indicate the ending time at around 1600-1700 UTC. This
could be attributed to the aforementioned tendency of WRF toward a
faster than observed movement of the depression over southern Bal-
kans (Section 4.1). Nevertheless, it is noticeable that the model was
able to capture the peak intensity period of Vardaris quite successfully
at all measurement sites, except at AXI for which an erroneous drop in
wind speed was simulated (Fig. 6¢).

The conducted verification procedure revealed low biases for wind
speed, ranging from —0.06 m s~ ' (EYZ; Fig. 6a) to 1.27 m s~ ' (AXI;
Fig. 6¢). STDE values were found to be lower than 4 m s~ ! at EYZ
(Fig. 6a), AKR (Fig. 6e), and KYM (Fig. 6g), approximating 5 m s~ ' at
AXI (Fig. 6¢). In terms of the wind direction, the computed biases
range from 9.15° (EYZ; Fig. 6b) to 24.45° (AKR; Fig. 6f). Relatively
large STDE values, exceeding 50°, were found for all measurement
sites. However, much of this deviation can be attributed to discrepancies
between observed and simulated direction before (0000-0355 UTC)
and after (2005-2355 UTC) the Vardaris event. The above verification
results suggest an overall satisfactory and consistent model perfor-
mance, better than the one reported in the recent study of Tsopouridis
et al. (2013) and comparable to past studies verifying NWP models for
wind simulation (e.g. Carvalho et al,, 2012; Deacu et al., 2010; Kotroni
et al.,, 2014; Shimada et al., 2012).

Verification of the rest of the available parameters (Table 3), namely
2 m air temperature and vapor pressure, and mean sea-level pressure,
enhanced the reliability of the numerical simulation, as also drawn
from the examination of wind speed and direction. Low, negative biases
were computed for air temperature, with STDE values approximating
2 °C at all measurement sites. Vapor pressure was also simulated

successfully, showing STDE values lower than 1 hPa. With regards to
sea-level pressure, it is evident that the WRF model underestimated
this variable, with biases ranging from —0.36 hPa (EYZ) to —1.86
(KYM) and STDE values between 0.99 hPa (AKR) and 1.41 hPa (EYZ).

4.3. Analysis of the Vardaris episode

4.3.1. Near-surface wind flow

The spatiotemporal evolution of the near-surface flow during the
course of the study day is presented in Fig. 7. Early in the morning at
0400 UTC, before the onset of strong wind flow, the approach of the
depression's (Section 4.1) trailing cold front was clearly marked by
the leading edge of the cold surge seen at the north-westernmost
edge of the domain (Fig. 7a). Within the Axios Valley, the pressure gra-
dient was weak, which resulted to light winds (<5 m s~ ') blowing from
various directions.

Surface winds shifted to a north-northwesterly direction in the next
2 h, as the cold surge advanced into the study area. By 0600 UTC, strong
northwesterly winds (>13-15 m s~ ') extended over the northernmost
boundary of the valley, as shown in Fig. 7b. Along the valley, a pressure
gradient of ~6 hPa was evident, with high pressures located north of Mt.
Voras (“V1” and “V2”) and low pressures to the south, over Mt. Paiko
(“P"). This steep cross barrier pressure gradient allowed for the develop-
ment of downslope flow (Koletsis et al., 2009a), significantly accelerat-
ing leeside winds downwind of Mt. Voras to above 18-20 m s~ .
Focusing on the east part of the valley, model results indicate that the
onset of the Vardaris episode was marked by the generation of a gap
outflow, as the wind was forced to pass through the narrow entrance
of the valley in FYROM (“G”). On the west part of the valley, the flow
was accelerated, with the downslope winds from Mt. Voras (“V2”) pos-
sibly contributing to this intensification. Moreover, a flow splitting
around Mt. Paiko resulted in a weak confluence on the lee of the barrier.
Over the east edge of the domain, winds exhibited a deflection caused
by the presence of Mt. Kroussia (“KR”).

By 1200 UTC, the surge of cold air had penetrated in the study area
(Fig. 7c). Winds significantly intensified across the entire domain, blow-
ing predominantly from a northwestern direction. Storm winds
(>28 m s~ !) developed downwind of Mts. Voras (“V3”) and Kerkini
(“K™), as a result of the downslope flow associated with the respective
cross barrier pressure differences (~6 hPa for Mt. Voras and ~4 hPa for
Mt. Kerkini). Along the Axios Valley, a wind shear line existed down-
wind of the Mt. Paiko (“P”) creating an imaginary boundary zone
(white box in Fig. 7c). Gale winds, exceeding 20 m s~ !, dominated at
the east side of this zone, whereas to the west, the intensity of the
flow was evidently lower (<15 m s~ ). This boundary zone (white
box) was evidently the result of the interaction between the wind jet
blowing over the east side of the valley, highlighting the main gap
flow, and the downwind flow prevailing the west side, induced by Mt.
Voras (“V3”). Evidently, the winds originating from the west side of
the valley were forced to decelerate as they approached the jet, creating
the boundary zone separating the two flows (e.g. Deacu et al., 2010).

At 1600 UTC, a remarkable weakening of the pressure gradient was
evident (Fig. 7d), as the surface depression (Section 4.1) had began to
move away from the study area (Fig. 5). This resulted to a significant re-
duction in the intensity of the Vardaris flow over the Axios Valley. Nev-
ertheless, the influence of topography was still evident, with winds
accelerating from ~5 to ~15 m s~ ' as they moved through the narrow

Table 3
Summary of verification metrics for 2 m air temperature (AT) and vapor pressure (VP), and mean-sea pressure (MSL).
Variable Bias RMSE STDE
EYZ AXI AKR KYM EYZ AXI AKR KYM EYZ AXI AKR KYM
AT (°C) —0.26 —-1.13 —0.72 0.21 1.78 243 1.95 1.66 1.76 2.15 1.81 1.65
VP (hPa) 0.45 —1.75 0.52 0.59 0.83 1.92 0.88 1.09 0.69 0.79 0.72 0.92
MSL (hPa) —0.36 —0.45 —1.26 —1.86 1.45 1.26 1.60 2.23 141 1.17 0.99 1.23
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Fig. 7. Simulated 10 m wind barbs (full barb = 10 knots), 2 m potential temperature (shaded) and sea-level pressure (white contours at 2 hPa interval) on 10 November 2007 at (a) 0400
UTC, (b) 0600 UTC, (c) 1200 UTC, and (d) 1600 UTC. Regions where the model terrain exceeds 400 m are superimposed for reference (shaded light grey). Dots represent the locations of the

measurement sites (refer also to Fig. 1b).

gap at the entrance of the valley in FYROM (“G”). Gale winds
(>20 m s~ ') were only simulated over the Thermaikos Gulf (“TG”"), as
the northwesterly flow moved over the water and accelerated due to
the decrease in frictional drag.

4.3.2. Upper-level wind flow

Investigation of the channeling effect of a valley requires, in princi-
ple, the study of ambient winds blowing above the valley (Whiteman
and Doran, 1993; Carrera et al., 2009; Deacu et al., 2010). In the analysis
that follows, the term “ambient winds” is used to refer to 800 hPa winds.
This isobaric surface is typically found at a height of approximately
1800 m above mean sea level, which is generally higher than the moun-
tains surrounding the Axios Valley (refer to Fig. 1b). Hence, the wind

flow at this level is unlikely to be influenced by any channeling
effect taking place within the valley. Looking at Fig. 8, one can easily
notice that this key assumption is met, since an almost geostrophic
flow of ambient winds was evident at all considered snapshots of the
study day.

During the early stage of the event, ambient winds mostly had a
cross-valley orientation (Figs. 8a, b). This clearly indicates that the
large-scale flow could not have been simply diverted by the orographic
barriers (i.e. forced channeling), or that there could have been a down-
ward transfer of momentum, large enough to drive the flow within the
valley. Therefore, neither can be considered as the dominant mecha-
nism for the wind channeling taking place during the very first few
hours of the Vardaris episode (Fig. 7b). Further examination of Fig. 8a
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Fig. 8. Simulated 800 hPa wind barbs (full barb = 10 knots) and geopotential height (red contours at 4 m interval) on 10 November 2007 at (a) 0400 UTC, (b) 0600 UTC, (c) 1200 UTC, and
(d) 1600 UTC. Regions where the model terrain exceeds 400 m are superimposed for reference (shaded light grey). Dots represent the locations of the measurement sites (refer also to

Fig. 1b).

and b also reveals a thickening of the geopotential height contours,
while retaining their cross-valley orientation. This suggests an increase
in the along-valley component of the large-scale pressure gradient,
which can be also seen in Figs. 7a and b. Considering the above, the
mechanism of pressure-driven channeling (Whiteman and Doran,
1993) is thought to have played the major role in the development of
the channeled wind during the initiation phase of the Vardaris episode.
Thereafter, the contribution of forced channeling increased, as the

above-valley flow shifted toward a northerly direction (Figs. 8c, d) and
near-surface winds almost aligned with the valley's axis (Figs. 7c, d).

4.3.3. Vertical structure analysis

A cross-sectional analysis was conducted to elucidate the vertical
structure of the flow during the considered Vardaris episode. The loca-
tions of the cross-sections, shown in Fig. 9, were selected so as to
allow for a detailed study of the key features of the flow, which have
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Fig. 9. Model-resolved topographic map of the study area (only regions with terrain elevation above 400 m are shown). Lines AB, CD, EF, and GH denote the positions of the cross-sections
used for the respective analysis. Dots represent the locations of the measurement sites (refer also to Fig. 1b).

been previously highlighted (Section 4.3.1 and 4.3.2). The entire analy-
sis was carried out for the initiation phase (10 November 2007, 0600
UTC), and for the period close the maximum of the event (10 November
2007, 1200 UTC).

Fig. 10a shows a northwest-southeast oriented cross-section of the
meridional component of wind, which passes through the northern-
most EYZ station and extends downstream (line AB in Fig. 9), valid at
10 November 2007 0600 UTC. During the initiation of the Vardaris
episode, winds above the valley were predominantly blowing from
southerly directions, whereas a northerly flow was evident at low levels
and up to a height of approximately 1000-1500 m above sea level (asl).
Behind Mt. Voras, close to the entrance of the valley in FYROM,
northerly winds extended up to a height of 2700 m, indicating the ap-
proach of the Vardaris flow. Closer inspection of Fig. 10a reveals the oc-
currence of weak damming along the windward slopes of Mt. Voras, as
evidenced by the isentropes tilting upward toward this orographic bar-
rier. In addition, the generation of mountain waves was clearly evident
at this stage of the event, as highlighted by the rapid downward and
upward shifts of the isentropes, which were nearly parallel to the
meridional wind contours. In essence, this particular vertical structure

of the flow is considered to be typical of a downslope windstorm, with
the mean critical level placed at ~2200 m asl over Mt. Voras and lower-
ing downstream at ~1000 m asl over the valley. The upward vertically
propagating mountain waves hit on this critical level and reflected
their energy toward the surface, thus resulting in the amplification of
the downslope winds. Such a structure of the lower troposphere is sim-
ilar to the downslope windstorm configurations seen in other studies of
wind flow with low critical levels (e.g. Durran and Klemp, 1987; Colle
and Mass, 2000; Koletsis et al., 2009a).

Few hours later, at 1200 UTC, the penetration of the northwesterly
flow further in the vertical dimension (Fig. 8c), resulted to the raise of
the mean critical level at higher levels above Mt. Voras (~3500 m asl;
Fig. 10b). Evidently, the strong northerly flow (>16 m s~ !) deepened
and maximum wind speeds increased to above 25 m s~ !, merging
into the gap flow. This is particularly highlighted by the presence of a
layer of storm winds (>28 m s~ ') over the valley, extending from
about 700 to 2000 m asl. A similar vertical structure was evident in
the northwest-southeast oriented cross-section passing over the AXI
station (not shown). Putting the above information together, it is evi-
dent that the strong winds over EYZ and AXI stations, where the
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Fig. 10. Northwest to southeast vertical cross-section (line AB in Fig. 9) of the potential temperature (solid black lines at 2 K interval) and the meridional component of wind (shaded
contours at 2 m s~ '), valid at (a) 0600 UTC and (b) 1200 UTC on 10 November 2007. The locations of Mt. Voras and EYZ station are marked on the plots.

maximum gust factors along the valley were also estimated (Section.
3.1), are most probably the result of the interaction between the down-
slope winds and the gap flow.

The cross-valley vertical structure of the atmosphere around the
maximum of the Vardaris episode, on 10 November 2007 at 1200 UTC,
is summarized in the cross-sections along lines CD, EF, and GH (Fig. 9),
which are depicted in Fig. 11. Examination of the northernmost cross-
section (line CD in Fig. 9) reveals the presence of an almost gap-
parallel jet on the east side of the valley (Fig. 11a). This jet extended
from the surface up to a height of ~2000 m asl, showing maximum

wind speed values that exceeded 30 m s~ ! in the layer between

~700 m asl and ~2000 m asl. Further, a shallow layer of cold air,
portrayed by the area of low potential temperatures (<280 K) over
the EYZ station, was evident, highlighting the penetration of the cold
surge along the axis of the gap flow.

Further south, over the AKR station, the layer of storm winds was
still evident in the lower troposphere, though its depth was clearly re-
duced (Fig. 11b). Over the KYM station, the depth of the jet was further
restricted, extending from ~700 m asl up to ~1200 m asl, as the jet ex-
panded over the gap exit (Fig. 11c). However, the most striking feature
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seen in Figs. 11b and c is the zone of relatively low winds downwind of
Mt. Paiko. This wind shear line has been already discussed
(Section 4.3.1) and is the result of the interaction between winds blow-
ing on the west side of the valley with the barrier jet that developed on
the east side of the valley.

5. Conclusions

Topography has been well documented as a key factor for the gener-
ation of dynamically and thermally driven local wind circulations.
Vardaris, a northwesterly wind blowing in the Axios Valley in northern
Greece, is considered to be a characteristic example of such topograph-
ically influenced wind regimes. It is well known for its consistent
direction and high intensity, along with being an effective means for
the advection of cold and dry air. Intense episodes of Vardaris are
often associated with extensive damages in local infrastructures and
agriculture.

In the current study, the characteristics of the Vardaris wind regime
were first examined using observational data. The in situ measurements
of wind and other meteorological variables were derived from a net-
work of weather stations deployed within the Axios Valley during an
8-month period in year 2007. Analysis of these data confirmed previous
studies (Angouridakis et al., 1981; Maheras et al., 1984; Psarri, 2005;
Tsopouridis et al., 2013) in that Vardaris is the dominant regime in the
study area, inducing near gale winds at all measurement sites and effec-
tively advecting cold and dry air. Topography was found, based on a gust
factor analysis, to play an important role in shaping the maximum in-
tensity of wind. In particular, the two northernmost measurement

sites exhibited the largest gust factor values, highlighting the impact
of the surrounding complex orography in agreement with similar previ-
ous studies (e.g. Agustsson and Olafsson, 2004). Last, the analysis of the
measured data provided indications for the association of the Vardaris
wind flow with the occurrence of a gap flow along the Axios Valley.

At a second stage, numerical modeling was employed for examining
the physical mechanisms responsible for the generation of an intense
Vardaris episode. The numerical simulations were conducted with the
state-of-the-art WRF model and were found to be in good agreement
with observations. Analysis of the modeled data revealed that, consider-
ing the particular event, pressure-driven and forced channeling were
the two dominant mechanisms for the occurrence of Vardaris. In partic-
ular, it was found that pressure-driven channeling played the key role
during the initiation of the episode, while the importance of forced
channeling increased toward the period of the maximum of the event.
In accordance with the conclusions that were preliminary drawn from
the analysis of the observational data, topography was found to signifi-
cantly influence wind flow. Indeed, model results provided strong
evidence for the occurrence of downslope windstorms along the oro-
graphic barriers at the northernmost edge of the Axios Valley, while a
topographically induced wind shear line was also identified.

Overall, the results of the present study are considered to be a major
contribution toward the better understanding of the important wind re-
gime of Vardaris. To the authors' knowledge, the conclusions drawn
from the analysis of both the observed and modeled data provide useful
and previously unexplored insights to the physical mechanisms behind
this particular wind flow. Nevertheless, it should be stressed out that
our understanding for Vardaris could be further benefited by advancing
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the present research, particularly in terms of expanding its observation
to longer time periods and employing other sources of data (e.g. upper-
air observations).
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